Heat transfer in a packed bed of adsorbents is influenced by mass transfer due to adsorption/desorption. As the first step to clarify this phenomenon, axial heat transfer in a packed bed of silica-gel in dynamic equilibrium with air flow containing water vapor was investigated. Moments of heat pulse response curves were employedfor the analysis. The first absolute momentand the second central momentwere derived theoretically from a model taking into account mass transfer due to adsorption and the axial dispersion of an adsorbable componentin the bed. Also, heat pulse responses were experimentally obtained for three levels of water vapor concentrations. Their moments could be appropriately accounted for by the theoretical treatment adopted here. A simplified heat transfer model could be used by defining the apparent parameters including the effects of mass transfer due to adsorption.
Introduction
In commercial adsorption operations there are many cases, such as adiabatic adsorption and thermal regenerations, where it is important to take into account heat transfer in a packed bed of adsorbents.
Heat transfer in such beds is considered to be directly affected by the transport of adsorbate, since the adsorption equilibrium relation depends on temperature and adsorption/desorption is accompanied by the giving/receiving of heat of adsorption to/from adsorbents. Mechanisms of heat transfer associated with the adsorption phenomenon, however, have not yet been established theoretically or even experimentally. In this work, as the first step to clarify the problem, the axial heat transfer in a packed bed of silica-gel in dynamic equilibrium with air flow containing water vapor is investigated by the heat pulse Response curve (II) was obtained in a case where the adsorbent was in dynamic equilibrium with the flowing gas which contains moisture. The flow rate of the flowing gas in the two cases is almost the same, as shown in Fig. 1 . It is obvious that there is a considerable difference between the two curves. The purpose of this work is to give a quantitative interpretation of Received June 27, 1983 . Correspondence concerning this article should be addressed to A.Sakoda. 316 the difference between the cases where adsorption/ desorption takes place and where it does not.
Theory

Fundamental Equations
The adsorption system which is the object of this work is composed of silica-gel for adsorbent, water vapor for adsorbate and air for the carrier gas. This system is often found in operations to lower humidity in an air stream. In these operations, the flow rate of air in the adsorption column is usually in the low Reynolds number region. Then temperature difference between particle and fluid is not considered in the analysis model used in this work.7) Since adsorption rate in this system is controlled by surface diffusion inside the adsorbent particle,1} resistance of fluid film to mass transfer between particle and fluid is not taken into account. Then the fundamental equations are given as follows. The heat balance in the bed is expressed as where pg is the density of the flowing gas, Cpg is the heat capacity of the flowing gas, y is the packing density, s is the void fraction, C'vs is the apparent heat capacity of the adsorbent solid, which is expected to vary with the amount adsorbed, kez is the axial effective thermal conductivity, u0 is the flow rate of the flowing gas, Q is the heat of adsorption and q is the amount adsorbed.
The mass balance in the bed is written in the same
where C is the concentration of an adsorbable component in the flowing gas and Ez is the axial dispersion coefficient.
Mass transfer due to adsorption/desorption between adsorbent particle and fluid is expressed as
where q* is the equilibrium amount adsorbed and ksav is the overall mass transfer coefficient. The adsorption equilibrium relation is expressed in its most simplified form as 4*=Koexp (^U c (4) where Ko is a constant and R is the gas constant.
Momentsof heat pulse response curve
Here with regard to small heat pulses, perturbations of T, C, q and q* around the dynamic steady condition, where^o*=^oexP(2/^^o)Q holds, are considered as follows. Heat pulse responses, T{i), are analyzed by the first absolute moment, jxl9 and the second central moment, fi2\ of T(t), since the low-order momentanalysis is expected to be useful to quantitatively clarify the effect of mass transfer due to adsorption on heat transfer.
The n-th absolute moment, /in, and the n-th central moment, fin\ of the heat pulse response are respectively defined as Then the following relation is derived from Eqs. (8) and (10).
To determine the momentsfor our system from Eqs. (9)-(ll), Laplace transformations of the fundamental equations are carried out by using the following relations. The fix and n2 were determined from Eq. (13) by neglecting its first two terms, since these high-order terms are not concerned in either fit or \i2'.6) And then for simplifying the analysis of pL2', H is denned as follows.
The resulting expressions for ^ and H are given as
3. Experimental 3.1 Apparatus To examine the theoretical consideration developed earlier, experiments of heat pulse responses were carried out as follows. The schematic diagram of experimental apparatus is shown in Fig. 2 . Air from a compressor was introduced into a packed bed of silica-gel after the water vapor concentration was controlled. The flow rate was under 7.5 x 10~2 m/s. Details of the packed bed are shown in Fig. 3 . Silicagel particles were packed in a tube of6 x 10~2m i.d., made of acrylic resin and wrapped with asbestos sheets. The packing density, y, was 7.8 x 102 kg/m3. The heater was made of Nichrome wire and designed to give the heat pulse uniformly to a cross section of the bed. Details of the heater are shown in Fig. 4 . A CA thermocouple was inserted into the bed at 6.5 x 10~2m after the heater, perpendicularly to the center axis. The temperature changes with time were recorded on a recorder by amplifying the output of 318 Fig. 2 . Schematic diagram of experimental apparatus, a, compressor; b, section for controlling water vapor concentration; c, packed bed of adsorbents; d, gas meter; e, heater; f, thermocouple; g, DCamp.; h, recorder. Particles between 6 and 8 mesh size were used. The average diameter of the particle, dp, was 2.8 x 10"3 m.
The adsorption equilibrium of water vapor on this adsorbent at 298 K was measured by the conventional gravimetric method using a quartz balance and the isotherm obtained is shown in Fig. 5 . The heat of adsorption, Q, in this system is given as 2.8x lO6 
Moisture control
Three different methods, shown in Fig. 2 as A, B and C, were employed to prepare three levels of water vapor concentration in the air stream to be introduced into the packed bed of silica-gel.
Series A: Air from a compressor was passed through another silica-gel packed bed of 3.0x 10"*m length and 6.0x 10~2mi.d., so that the water vapor in the air was completely removed. Thus water vapor concentration in the air introduced into the packed bed, Co, was nearly zero. Series B: The air was directly introduced into the packed bed. By this method, water vapor concentration was kept constant at CO=3.88 x 10"3 kg/m3, since the pressure and temperature in the gas holder of the compressor were kept constant at 6.1 x 105 Pa and 298 K, respectively. Series C: The air was passed through pure water at a constant temperature of 292 K. By this method, air containing moisture of C0=8.24x l0~3 kg/m3 was generated.
The constancy of Co was checked by a hygrometer (Panametric) and no change was detected regardless of the flow rate of air in our experimental range.
Partial pressures of water vapor in the flowing air controlled by these methods and the amounts adsorbed which are equilibrated to them are also shown in Fig. 5 previously described, was passed through the packed bed of silica-gel for over 24h to bring the adsorbent column into dynamic adsorption equilibrium with the flowing gas. Heat pulses were introduced by the heater whenthe maximum temperature peak waskept within three degrees by controlling the electric power supply to the heater. The heat pulse responses were measured in the range offlow rate, u0=2.4-7.5 x 10~2 m/s. From response curves, the first absolute moment, fil9 and the second central moment, \x2\ were calcu- The dependency of Cps on the dynamic equilibrium amount adsorbed, #0*, is shown in Fig. 7 . From Fig.   7 , the following relation is obtained.
C;s=a+/^0*
The parameter a in Eq. (17) represents the heat capacity of the adsorbent solid, Cps. The resultant value of Cps was 1.05 x 103J/(kgà"K), which is in good agreement with Cps=9.24 x 102 J/(kgà" K) in the literature.1^The resultant value ofP is 4.2 x 103J/(kg-K), which is equal to the heat capacity of water in liquid phase. Then the heat capacity of the adsorbent solid in dynamic steady condition is expected to be expressed as C'ps= Cps+Cads'q0*
where Cads is the heat capacity of the adsorbate in liquid phase.
Second moment analysis
Neither resistances of fluid film to heat or mass transfer between particle and fluid are taken into 
Effect offluid dispersion
The analysis of \i2' is carried out by using Hdefined by Eq. (14). Both the axial effective thermal conductivity, kez, and the axial dispersion coefficient, Ez, in the first term of H given by Eq. (16) have the contributions of turbulent dispersion in the packed bed. Yagi et al.8) proposed that kez be expressed as kez = ke°+ dPgCpgdpu0 (19) where ke°is the effective thermal conductivity with stagnant fluid, dp is the diameter of the particle and 8
shows the degree of contribution of fluid flow.
Similarly, Ez is usually expressed as
Ez=^-DM+-dpu0
where DMis the molecular diffusivity, t is the tortuosity factor of interstitial fluid path and Pe is defined by 320 where Dz is the dispersion coefficient due to fluid mixing. Both 3 in Eq. (19) and \/Pe in Eq. (20) represent the contribution of dispersion of heat and mass due to fluid mixing. Then as a first approximation, these are considered to be the sameand are expressed as Ss 5=Te (22) Substituting Eqs. (19), (20) and (22) 
Adsorption runs (Series B and C)
The term (£/t)Dm(Q2C0/RT02) in Eq. (23) According to Eq. (25), Ifs obtained by experiment in Series B are plotted against l/u0 in Fig. 9 . The first and second terms ofEq. (25) were calculated by using the average ke°and Sdetermined from Fig. 8 and the sum of the two are also shown in Fig. 9 by a dashed line. By fitting a line paralleling the dashed line to experimental results, the third term of Eq. (25), which is the intercept at l/wo=0 in Fig. 9 , was determined. Then ksav was evaluated as 0.48-1.4kg/(m3 -s). The same procedure is tried for the results from Series C in Fig. 10 . Then ksav was evaluated as 0.59-1.1kg/ (m3 à"s), which is in good agreement with the values obtained from Series B. Here the propriety of the values ofksav determined above is discussed. In a case where surface diffusion inside the adsorbent particle is the controlling step of mass transfer, ksav is given by2)
ap where Ds is the surface diffusivity in the particle. The value of ksav evaluated by Eq. (26) Equations (15) and (16) 
PgCPg uo Then /^and Hwith the effect of adsorption are expressed in the same forms as Eqs. (27) and (28) by using apparent parameters.
(PgCpg)app^0
Comparisons between Eqs. (15) and (29) and between Eqs. (16) and (30) give the apparent parameters in the above expressions as follows.
(Cps)apP= Cps+ Cads ' q0*
(PgCpg)app= PgCpg + Q2c0 RT02 (31) ykez/app-^ez~" M0' fn2r N VKi0 / (32) 5. Conclusion Heat transfer in a packed bed of adsorbents is influenced by mass transfer due to adsorption/ desorption, since the adsorption equilibrium relation depends on temperature and adsorption/desorption is accompanied by the giving/receiving of heat of adsorption. In this work, as the first step to clarify the effects of the transport of adsorbate on heat transfer, the axial heat transfer in a packed bed of silica-gel in dynamic equilibrium with air flow containing water vapor was investigated by the moment analysis of the heat pulse response. The first absolute momentand the second central momentof this system were derived theoretically from a model that takes into account mass transfer due to adsorption/desorption and dispersions of heat and mass due to fluid mixing. The above expressions clearly show the effect of adsorption on heat transfer. Thus in the system adopted in this work there were considerable effects of adsorption on heat transfer. In other systems there may be similar effects in more complicated forms, and they will be clarified theoretically to establish thermal treatments in adsorption operations.
Appendix Neglecting the first two terms of Eq. (13) Here (y/e)Cps is usually far larger than pgCpg, j C'ps> PgCP! Numerical estimation using the values listed in Table 1 (4) that the apparent rate constants in basket type reactors were less than those in the liquid-filled reactor and that the inactivity of the catalyst might be due to gas bubbles entrapped inside catalyst baskets. Also, if the screen openings are very narrow, it may be difficult for the liquid to go through the baskets and mass transfer coefficients become smaller.
In this work, to check the effects of gas flow rates, screen openings and locations of baskets on mass transfer coefficients, rates of mass transfer from liquid to solid are measured in batch reactors by using the ion exchange reaction between the resin in the H+ form and sodium hydroxide. Mass transfer coefficients in three types of reactors are compared with published correlations.3' 8' 10*
